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tlryland Farming strategies ri the High Plates mu o make efiieirnt ti5C 01 Itmited sorisariable

precIpitation and stored water in the soil profile for stable and sustainable farm productivity. Current

research effoos focus on replacing summer fallow in the region with more profitable and

environmentally sustainable sprtog and summer crops. Tn the ahsenre or reliable precrpiration Torrrasts

for the crop growrng season, farmers ely mainly upon knowledge of plant available watet PAWt fl the

soil profile at planting for making crop choice decisions, To develop a decision support strategy for crop

selection based on initial PAW, experiments were conducted with spring triticale (X TiricoserIe

Wittmack). proso millet rPanirimt rniltaceum LI, and foxtail millet iSetona italica L Reauv, i under

artificially controlled Low, Medium, and High initial PAW levels during 2004 and 2005 at Akron.

Colorado. and Sidney, Nebraska, The objectives of this study were to adapt an existing cropping systems

model for the simulation of triticale and millet and to evaluate simulations from the adapted model by

comparing results with field data collected under varying initial PAW conditions. The Root Zone Water

Quality Model with DSSAT v4.0 crop growth modules (RZWQM21 was used. Specifically, the Cropping

System Model (CSM5’fEREWWheat module was adapted for simulating triticale, and CSM—CERES..

Sorghum (v4,0) module was adapted for simulating prnso millet and foxtail millet, Soil water leaf area

index, grain yield, and biomass data for the highest PAW treatment from one crop season for each of the

three cr005 weme used to adapt and calibrate the crop modules, ‘l’he models were then evaluated with

data from the 1 emaining PAW treatments. The proso millet module was turther tested with foot years of

data from a crop rotation experiment at Akron from 2003 to 2006. Simulation results indicated that the

adapted and cslthrated crop modules have the potential to stmutat5 these new crops under a range of

varying water avatlabtlitv rondtttons. Cooseuucnriv, thesr ntodeO SOFt ant in the developrrienr oF desis tots

support tools for the seasoo4omeason management of these- summer tallow replacement crops under

dryland conditrons in sensOarid environments,

Prc;fit margins for t.he production of nsost rainred crony in tic..e

scmi-.acid climate of the Great Plains of the lISA are very small

attn arid P,c’rrdeli. hAil; Dcrhuy-st ctrsd Haivorsic ii, 21)04;

[.Ihuyvcttecet al,, IPSO.; Is’lci’o. anti Wr.r r.:rdho use, 1005 ,. doe tc’

fr€.qt.sent mid extended episodes. of severe drought, Farmers in the

01 1 id t s alt r d g p rod ,,sf

tom It, ;rcitec.r I .r,-,tirO.,r, rirtcll’;-OiOi
. Pt-a Tow cr0-np: rig sw. tern to

soriscrvc’ ma icr the- whca.F cr015- anti in stai.sitiar.c nrcr(urirnn

The fallow system relics on the principle that leaving the land hare

nv-er a tseciocl of time allows watr:r to accumulate in the .soil, While

iS does rtdeecr hr-ilip stahitize’ crop yield, more intensified

croppirg cIsterns, Ii’IO tie pc-ssr sic svrtt SC: r hay,’ practtres r,mrat

ccmseree residue cover, have been found to be more beneficiai in

terms of their inc-ceased precipitation storage efficiency, roduw

carbons ecruc-stradtrrn, anti decrraseri water a-nd wind

erosion potentials iFarahani ct-al., 1998p Halvorson c:t at,, 1002a,b;

Cal et al,, 1998; Nielsen and Aiken, ‘l998; Nielsen et at,, 2005;

Peterson et ai, 1998; Petrsrsott and \,\iestfali 20041 Ff!’nrty are
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Table 1

tar dabt mat 050 1 e tic c t t tae to t e ar 0 to an or a a t at c a t r ‘in

Lrsrat(crt Year Opt-Irs tritirale ( it ins) Prime other mm(J Foxtail millet (srm5

Low M,-nittn 1-10th 1 -am tori -am i--i.tgtr law \t”dtmtt

Sidney 2004 35 66 134

2005 (34 154 174 212 226 244 212 228 244

Scion 2004 54 (17 55 .r0 40 140 46 1112

2(105 118 144 tIltS - -
—

‘ Foxtail asit 7i050 millet were host to had at SIdney in 2004. and soil cru.st(ttg prevenred emergence at Akcttn in 20011.

[able 2 Akron, 67.2 kg N ha was applied Oct the surface beside each row

i’ antttr’hani da 5 fur pr ng 0 a pro a not t at d ox at ‘ntt to at St iney a sd 224 kg ha 0O was Ipplir dii the tow at planting for spring

.

ato ax a t a’ r -nth both e.o

oratOrs Eeoc Spriog trrii5aC Instad. indict t’ne,cr rarer All ct.aps were rio-ni) seeded into corn stubble, Row sparing was

AnrS)Jtm23

—_ — —

25 cm at Sidney and 19 cm at Akron., Planting dates are shown in

05 7 I t 24 n 4 ig to grAt so Thble, Spring trt teal Tn il 2700 55 5550 vn at 101 kg secd ha

, , ,, .,
, White Wonder’ tnxtatl millet and Sunrise rsroso millet wire sown

s no Jo c Z 11

2005 Apr 4/Jun 24
at 7 kg aced ha Proso and toxtail millet crops score JUSt to ltatl

... — in late July at Sidney in 2004. Establishment of these crops was

Ar as lOOt Inst t t a t p rece stag the S (cv nix itolem utah
or cxxi at mr to 20€ S d e to coil c usttng and subseoii 04

a ‘s is ‘oat- a I 01 5 Cr- C

a 11 I i a it s,, ‘ ml ml ons 5ccds om rot troliri tito bird

weeding during the cropping season and glyphosate fN0tphos’-

c iupscfol or noting tot tale to 2005 04 Akron where thp Pigh (Jhonomethvl) glycine) wis used during noniop periods

treatment had (01 tarn more PAW than the J,ow treatment. A Leaf area index (LA!) and dry matter measurements wore roads

.smaller range in avatlable soil water or planting, was astabltshed at a mntmum of three times throughout each growing season, Leaf

Sidney in 2005 for the three crops as a result of above normal area index was estimated using a plant canopy analyzer(LAl2000,

precipitation. LJWOR, Lincoln, NE, USA) with the 2704 view restrictor to mask the

Nutrient needs wore based on- regional recomrnertdations. No operator i.e., 27 0 open, 904 tasasked). One measurement abnve

supplemental fettilizer was applied to etther year at Sidney. At atad Four below the canopy were taken twice in each ohm to

Tabk
Measuo’d (81 i and simulated S phenuingy fur rpt ing tt ticaie. prow rntltet, and toxtail rn;het grown at Sidney, NE ami Akron. CO.

Location Year Triticale Prose millet [unnail miiltt

OAP DAP DAP

Stage 81 S Stage 81 5 Stage M 5

Sidney 2004

Sidney 2005 Planting (Apr 7)
Emergence
head vtritn(e



2.2.1 Species and ecotcpe paroioeteoc (or toncoie
Much less literature exrsts an the growth and devi’loumentcharacter rstrcs ulapt ing tr iticale compared with mtormauon for itsparental lines [wheat and rye (ScenIc cereule L)j that can be directlyused for developing crop cpecihc parameters for rnulatron of thecrop. However, Ewert et al. l996) successfully simulatedplicoological development m winter triticale using a wheat cropsimulation model (AFRCWHEAT2), although they acknowledged

that progress in simulating the development of cereals is limitedby lack of knowledge about plant physiology. Singer ci al. 2007reported radiation use efficiencies of wtnter rrit.rcale 0 the range of2.84•-3.28 g MJ across various plant densities (67.-170 plants m , We used a constant calibrated value of 27 pfor RLIE in the simulations (an ecotype paramets.r rn the CERIZS—.Wheat module.. For simulatson of spring rriticale. a value of 0.55for PAR extinction coefficient was found to give the hest results, Tocalculate growing degree days (GOD) we used a uniform basetemperature of 0 C for all growth stages of the crop Gallagher.I 979(, similar to wheat, However, we used a base temperature ofS C for accumulation of GOD during grain iilhng as it mproved thesimulations, Based on the above information in the literature andthrough calibration, a new ecotype parameter set was developedlot the simulations of spring triticale Table 4). The speciesparameter set for wheat was used to sioiulate lriticale afteradtusrmg four of tHe parameters to the values shown in Table 5.

2.2.2. Species and ecorype parometers for proso rind Joxtiril millersProso millet and foxtail millet are short—season summer annualsmall cereal crops with high water-use efficiency (C4 plants andare well adapted to crop production systems in the semi-aridenvironment of the USA (Lyon and Baitensperger, 1993; Anderson,1994). Information on detailed growth and development characteristics of the two millets is lacking in the literature. There havebeen only limited efforts reported to model these crop species inthe past. In order to simulate cropping sequences that involvedpruso millet itt the Great Plains, Andales Ct al. (2003) simulatedproso millet by parametcrizing a generic crop model (EPIC;Williams et aL. 1989) available in the GPFARM farming systemmode! by making best guess esrinlates for the generic cropsmulation model parameters. In RZWQM2—DSSAT v4.0, cropmodules are available for sorghum (CSM—CERES--Sorghum) andoearl millet ‘Permoiserumo americonurn L.) CSM—CERES.-Millet) thatfall brrvdly in the millet family. We experimented with both theotoc;ules tom modelmng the proso and foxtail millets and found theCSM—CERES--Sotghom module better suited for simulation of them•nii(ets (results not presented). Anderson (1 994( showed t.hatproso millet de.velopmens can be related to temperatu.re b using

. asbsated tsr
;r7ao sung .tw 75i,i-c.ttt.S-Wbeam wodsie.

50, Sr nymii’aransr’mer

1 Pt v;Rm,mi amount that development is stowed. fr eseb dayor osfms;titted ‘aer,u,iirzauoe. a%smanmrrmg that 50 days stvrrsatiariorm d sufficient far au cutrivars, coo
2 ItO, Re/muse umrranr that rteveiopmcnt ‘s stowed whets ;rtarsrr; i ‘15are grown o a ptrctaperiod t is shorter than the eptimuam

(vtimch a. rcnsustered to tue 205’, u;no
3 P5;Reiaove gaais 5.iiriug durat.ion based no thei’mai rinse 45•U(deitcee days above a base temperature of I ci. where
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5. 02’Ker’net fitting rate aider optimum rondituons. mg;day hiS c;J7on—u med dry weight at a sung/c steer )exctudmuug leatblades and sheaths) s.nd roite when elormasion ceases, gI 0/ttNS/Phytlrschuouu mnrem,ui. COO

GOD calculated with a base temperature of Itt C. For smmulatuon ofboth proso and foxtail millet crops we adopted this basetemperature ‘is it worked well for quantifying the effects oftetoperature tin beth pheitosyothesis and graih filling processes.Based art the avilrible information in the litetaturc and calibration,a rtew ecotype parameter set was developed for the simulations(Table 6)’. In addition to modifying the species and ecotypeparameter files, we also made changes to the CSM—CERES.Sorghum v4.0 module. Growing, degree days from germinationto emergence (P9)is not calculated by CSM-fERES-’Sorghum v4,0,but we calculated P9 using the relationship from CERES--Maize as
P9 . 45.0 a GDDE SDEPTH

where CODE (an ecotype parameter) is Gt)D per cm seed depth(SDEPTH) required for emergence.
In order to better match the simulated pattern of leaf areadevelopment with the observed pattern, the equation used forcalculation of leaf senescence during crop development stage 3(SLAN) was modified to

StAN I

where St..iM OTT is CODE accumulated startin from seedlingemergence, P3 is the duration of the development phase from endotleaf growth to end of spike growth, arud stage 3 is the period frmmntpa numlie initiation to end of leaf gcowth.
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the average deviatton between simulated and observed values; :u)

Mean Relative Error (MRE), Eq. (4), which gives the bias of the

emulated value relative to the observed value; and (iii the mdcx

of agreement 14), Eq. 5) bc.tween measured and simulated

parameters (Willmott, 19811, which varies between 0 (poor

model) and i ;perfect model)

k\1E

MRI \‘\hs *
DiD

where A ii, the 98 simulated value, 1. rs the ith observed value. )

the mean observed value, and o is the number of data p98s.

3, Results and dicusslan

Ar Sidney, proc ipitation during the April to August period (Table

10) was 89% of normal (28.6 cm, 1971 —2000) in 2004 and 1 33%. oi

normal to 2005, At Akron, precrpitation was 77% of normal

(30,2 cm, 1971—2000) in 2004 and 98% of normal io 2005 for the

same penod. Dc-spite 50010 month-’tmmonth vanation, average

daily temperatures for the April to August growing seasons in 2004

and 2005 were near normal berWeeo 6 7 and 14.1 C at huth

locations (data not shown)..

3 1. intrude

Calibrations of model parameters for accurate orl water

simulations are critical for correct quaotiflcation of soil water

stress that contrcls crop growth and development At both Akron

and Sidney, soil water measurements were available at approxr—

rnateiy hAweekly intervals for comparison with the model

a; srmulations, in the 1-ugh water ueatment in 2004 at Akron

calibration data set), 16.8 cm of PAtS was available- in the 120cm

soil profile at planting (Table 1) which served as the initial soil

water content for the calibration of the nodelSrmulated

volumetric soil water in the different layers during the 2004

triticale growing season corresponded well with measured values

RMSE = 0.027 m3 m i), Total water in the 120cm soil profile was

also modeled well (RMSE 0.7 cm, MRE = 3s 3 898- (labie ii,

Fig, 1), We considered these calibration results to be adequate

since RZWQM2—DSSAT v40 s a one drmensional model n which a

dogle coil profile (point measurement) represents the average

conditions in a heterogeneous field that is spatially variable in soil

water content,
Triticale was harvested for forage on 23 june )rmmediately after

aothe(5), and sk iiibh the ktep did oot complete aif the

phenological stages and reach phyciologcal maturity (Table 2).

The stmuiated emergence date had an orion of 1 day ano rh-c
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2004 and 20135 at Akron, CO arid Sidney, NE iii response to High. Medium, and Low plant available water I PAW) inn the toil at planting sod irom prose mi1i’l grown inn the

alternative loop ‘Walton I 59k, rpermcsis at Akron from 20(13 to 2006,
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-- 131016
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Grab yield, kgha 28 2
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12
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2i 0.9.2’ 3.86 16 0.92 0.90 38 3.91

ir

,,.,

lliomoos.kglsa” 401 72 1.00’ “793 10 0319 1133; 15 0.9915933 Akctri 20113
3133 Akron 2304

AILS Akron 20115
Soil Water, 10’ Oil’” 0,11138

(7058
‘- 0,13711

-.

.9111 (oOftlOWSleOO7 2,2
3,1111 2.3 79, 3.93 11.7 21 0.38
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accurately with RMSEs ci 0.97 mrs2 rn -2 (TIRE 33% and d = 0.78).1.0 rn7 m /MRE= 35%andd= 072) and G97 rn2 rio2 (MRE= 39%and 3 0.65) in the High, Medium and Low PAW treatments,respectively (Table 12 and Fig. 5). However, hiorna.ss gain, with cropdevelopm,ent was reasonably well simulated with RMSE.s between588 kg ha ( TIRE 30% and d 0.981 in the High PAW treatmentand 955 kgha (TIRE 29% anti 04095) in the Medium PAWtreatment (Table 12 and Fig. 6’). Grain yield simulations across thethree PAW Pealrnents in 2004 had an RMSE of ‘196 kg ha andTIRE of 37%, Whic the grain yields simulated in the Pugh andMedium PAW treatmr ma were simulated v-iith MREs of 2% and23%, the grain yield in the Low PAW treatment showed a TIRE of117%. The iower accuracy in grain yield simulations for the Lowwater tream t in 2004 occurred due to the model’s lowrescc’nsuveness regarding biomass parittonng rhanges to grainin response to water stress (unaccorateiy simulating changes toharvest index 001) chat occur in response to water stress;-,Measured Ill for the Hugh, Medium, and Low PAW treatments.were 0.23, 0. . 8 and 011, respectively, However, simulated til foral-i three treatments rerrtained at 0.24. Further studies a reneedecito correctly q’.santily HI changes in response to Water stress.At Siriney ;n 2005, measured grain yeld was nor significantlyslier ted by soil water at planung (0 0.90) iFig. 7), wth alltreatments yeldng about 4000 kg ha . Little diflerenre existed inwale availability between treatments in 2005 cTabie 1) Also,measured maximum LA! 13g. 5) and biornass (Fig. 6) in 2005 didnot show any t. ignificant difference betsueen the High, Medium,
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with an TIRE of 10% (smulated value was 428 kg ha lower thanthe measured value). The model only simulated a few rlcvelopmental stages ‘:emergence, anthesis. physiological maturity) suchthat only crop emergence date was available for comparison ofsimulated crop phenological development with measured data,The simulated emergence date was 2 days later than the measuredemergence date (Table 3),

32.2. Vohdorion
Soil water amounts and changes witn proso millet growth werereasonably simulated across treatments, years, and locations(Fig. 4). Crop hiomass, GM, and grain yield of proso millet increasedwith initial PAW at Akron in- 2t104 l,rigs. 5/). the difi’erence inavailable soil water between High anti Low PAW trearments atmillet planting iru 2004 at Akron was 100mm. Pelter- et ai, ) 20061,reported that 58% of the va.riabiiity in proso mOles grain yield in thecxperinsent was explained by initial PAW. Crop cnoergence wascorrectly simulated as- lO nays alter planting (Table 3). However,simulated anthmcs-is date was 7 clays later than ooserved andsimulated physiological maturity was 4 days iater than observed.These errors iTs rate or dleveio-puntlnt did not affect tile overallsimulations of the crop drastically. Sc’ii waler was adequatelysunsuiatetl up 3004 with RMSEs between 0.036 and 0.0.39 rn2 in Ilu the volumetric soil water in different soil layers. Water in the120cm sod profile was simulated with RMSFs between 1.9cm6% and d = 0c)12 and 2.5 cm -TIRE = 7% and d = 0,75ialak and m, ii Lei 4r1 a nd x r’ 2004 s in utltm.0 25
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dcvi opnlent to soil water at planting across ditfrrent PAW

treatments., Simulated crop emergence occurred 7 days after

planting compared with observed emergence 5 days after planting

(Table 3), Soil water was accurately simulat.ed at Sidney in 2005

leading to reasonably accurate simulations of maximum LA! and

blomass development n the Inree PAW treatments Fgs 3, 9 and

I OF Soil watei in dtfforcnt sod avers: was simulated wtth an RMSI

between 0021 and 0028 in m for the three treatments

Table 13’. Total P.W ifl the toil profile was simulated wth an

RMSE of 13cm or less and an MRS of 4% or less in the three

treatments, RM5Es of LA! sim.ulations ranged between 1,0m2 m

(MRS. 48% and 3 0.95) and. 0.86 m2m 2 (MRS 34% and

d 0.96) (Table 13). Midmeason LAl was ovempredicted by the

model. Simulations, of the time progression of biooas,s matched

we-li with the measuiernents resulting in 3MM/s below 330 kg ha

and SIREs below 27% across the three treatments -1 able 13 and

10). In general, validation of the sinde! sinoIat1i’o5 with

limited data (one year each at two locations; showed that foxtail

millet and its responses to different initial PAW could be

satisfactorily predicted with the model developed.

4. Summary and conclusions

Wheat armers n the Great Plains could heneflt greatly from the

avaiiabtty of a shortseason crop that eoi!ti beprodocnd during

the sprIng or sutrimer months prior to planting the next wheat crop

in late September or early October, Experiments with triticale and

foxtail mtllet as forage crops and proso millet as a grain/forage crop

showed the potential of these shortseason crops for use in a

flexible summer fallow cropping system, and the amount of plant

available water in the soil at planting maybe a significant indicator

of subsequent yield (Feiter et al.. 2006). However, these relatioru

ships can vary between seasons and locations depending on the

amount and distribution of growing season precipitation and other

weather variables expetienced subsequent to planting. The models

developed for simulation of these three crops are potential tools

that can integrate and synthesize information from such short

season experiments and effectively extend the results to other

seasons, soils, and climates (e.g., for selection of the crop best

suited in a particular season at a particular lueatiorfl. For

simulation of these crops, the DSSATv4.0 ci tip simulation modules

as available in RzWQM2—DSSAT v4,0 were successtuliv adapted

and calibrated using the crop growth and development data

collected from experiments at Sidney, NE and Akron, CO. The CSM

CERES—Wheat v4,0 module was adapted for simulation of spring

triticale, and the CSM—CERES—Sorghum module was adapted for

simulation of both proso millet and foxtail millet, Specifically, the

species and ecotype parameters: for the ecu-es in the (3M modules
were -adc,ted trir simulatIon of the ctrps. Each crop nodui’ wa

or cuft:c’ar traIts ge-eeoc ioeiflc-,crr,%

I
i

C “0 1

foxtail millet all ci m,uiated crop grvwth and development well and

also adequately responded to different levels of PAW in the soil at

planting in different years (2004 and 2005) and at different

locations (Sidney and’ Akron), Because spring triticale arid foxtail

mdlc’twc:re harvested for forage before reaching physiological

n’atu-rn3. tue n,mdeis nr:ueiOcncd inc rhese two crops. could r;-c’t be

tested tur ontoiat.on of grain -‘FeW Further exoer:n-ie-’irs me

a
grain vieie:c (orcaiibratlon.aod v,shdation of the model simulations.

The crop modules developed in this study have shown adequate

potentia-ifor future simulations of these crops in rotations with

other crops in northeastern Colorado and western Nebraska.

Further testing should be done to validate these models for
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